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(57) Abstract 



A silicone nitride barrier layer (12) is deposited on a gallium arsenide 
substrate (1 1) to prevent evaporation of the substrate in subsequent heating 
steps. A silicon dioxide stress reduction layer (14) is deposited on the 
barrier layer. A first electrode (16) comprising an adhesion layer (18) and 
a second layer (20) is formed on the stress reduction layer. An essentially 
anhydrous alkoxycarboxylate liquid precursor is prepared, just before use a 
solvent exchange step is performed, then the precursor is spun on the first 
electrode, dried at 400 °C, and annealed at between 600 °C and 850 °C to 
form a BST capacitor dielectric (22). A second electrode (24) is deposited on 
the dielectric and annealed. 
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THIN FILM CAPACITORS ON GALLIUM ARSENIDE SUBSTRATE 
AND PROCESS FOR MAKING THE SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

5 The invention in general relates to the fabrication of integrated circuits utilizing 

metal oxides, such as barium strontium titanate, and more particularly to the 
fabrication of thin film capacitors on gallium arsenide substrates. 

2. Statement of the Problem 

Metal oxide materials, such as barium strontium titanate, commonly referred 

10 to as BST, are known to be useful in making integrated circuit thin film capacitors 
having high dielectric constants. See for example, Kuniaki Koyama, et al., "A 
Stacked Capacitor With (Ba x Sr 1 JTi0 3 For 256M DRAM" in EDM (International 
Electron Devices Meeting) Technical Digest, December 1991, pp. 32.1.1 - 32.1.4, 
and United States Patent No. 5,122,923 issued to Shogo Matsubara et al. In both 

15 of these references, the BST capacitors are fabricated on a silicon substrate. While 
the results were good at low frequencies, i.e., about 10 megahertz, up to now, 
metal oxide thin film capacitors having high capacitance at high frequencies, i.e., at 
frequencies of 1 gigahertz and higher, have not been possible. 

It has been shown that a PZT ferroelectric RAM can be fabricated on gallium 

20 arsenide substrate, and further that silicon nitride (SiN) is effective in encapsulating 
the GaAs to prevent contamination of the PZT. See "Process Technology 
Developments For GaAs Ferroelectric Nonvolatile Memory" by LE. Sanchez et aL, 
and "Integrated Ferroelectrics" by J.F. Scott et al., in Condensed Matter News, Vol. 
1, No.3, 1992. This article also discloses the use of a silicon dioxide (SiOg) layer 

25 between the silicon nitride and the PZT capacitor. However, while the article 
indicates that a successful memory was made using the process, it also suggests 
that, due to problems relating to the interaction of the ferroelectric material with the 
GaAs, one can expect the electronic properties to be at best the same, but, more 
likely, less than those of a comparable device built on a silicon substrate. 

30 It is well-known, the process of spin coating has been used for making 

certain types of insulators in integrated circuits, such as spin-on glass (SOG). A 
carboxylate-based spin-on process has also been used for making metal oxides 
such as barium titanate, strontium titanate, and barium strontium titanate. See G.M. 
Vest and S.Singaram, "Synthesis of Metallo-organic Compounds For MOD Powders 

35 and Rims", Materials Research Society Symposium Proceedings, Vol. 60, 1 986, pp. 



WO 95/25340 



PCI7US95/03254 



-2- 

35-42, Robert W. Vest and Jiejie Xu, "PbT10 3 Thin Rims From Metalloorganic 
Precursors", IEEE Transactions On Ultrasonics, Ferroelectrics, and Frequency 
Control, Vol 35, No. 6, November 1988, pp. 71 1-717, and "Metalorganic Deposition 
(MOD): A Nonvacuum, Spin-on, Liquid-Based, Thin Film Method", Materials 

5 Research Society Bulletin, October 1 989, pp. 48-53. However, the quality of the thin 
films made in these references was far too poor for use in integrated circuits, and 
these processes have, up to the time of the present invention, been used only for 
screen printing of metal oxide inks in making relatively macroscopic parts of circuits. 
Thus this spin-on technique did not appear to be a suitable candidate for a 

10 fabrication process which might produce state-of-the-art integrated circuit devices, 
such as high-capacitance, high-frequency thin film capacitors. Since the use of the 
GaAs substrate technology and the carboxylate spin-on technology both lead to 
less satisfactory results than, say, the silicon-based technology and deposition by 
sputtering, it would seem unlikely that their combination could lead to metal oxide 

15 thin film capacitors having high capacitance at high frequencies, i.e. f at frequencies 
of 1 gigahertz and higher. 
3. Solution to the problem: 

The invention solves the problem of providing high-capacitance, high- 
frequency thin film capacitors by utilizing alkoxycarboxylate liquid precursors and 

20 a spin-on technique to deposit the metal oxide thin films on gallium arsenide 
substrates. Preferably the gallium arsenide is encapsulated by a barrier layer which 
prevents the volatilization of the GaAs in subsequent annealing steps at high 
temperature, which is in turn covered by a stress-reducing layer which lowers the 
stress between the gallium arsenide and the metal oxide capacitor. Preferably the 

25 barrier layer is comprised of silicon nitride (Si z NJ and the stress-reduction layer is 
comprised of silicon dioxide. Preferably a relatively low temperature spin-on process 
as described in copending and co-owned United States patent application Serial 
No. 08/165,082, is used to deposit the metal oxide. 

The use of a liquid precursor spin-on process to deposit the metal oxide 

30 permits much more accurate control of the stoichiometry of the metal oxide and 
also results in a much more homogeneous material. This homogeneity and careful 
control of the drying and annealing processes leads to electronic properties that are 
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much better than for thin film devices fabricated by prior art methods. Further, the 
homogeneity of the metal oxides significantly reduces the stresses and cracking that 
accompanied prior art fabrication methods. Numerous other features, objects and 
advantages of the invention will become apparent from the following description 
5 when read in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a cross-sectional view of an integrated circuit capacitor according 
to the invention; 

FIG. 2 is a graph of capacitance in farads (F) versus frequency in gigahertz 
10 (GHz) for BSt capacitors fabricated according to the process of the invention and 
annealed at three different temperatures; and 

FIG. 3 is a flow chart of an exemplary process according to the invention for 
fabricating a thin-film capacitor. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
15 Turning to RG. 1 f a thin film capacitor 10 as fabricated in the examples 

discussed below is shown. The capacitor 10 is formed on a single crystal gallium 
arsenide (GaAs) wafer 11 encapsulated by a barrier layer 12, preferably of silicon 
nitride (Si 3 N 4 ), and a stress-reduction layer 14, preferably of silicon dioxide. The 
capacitor 10 includes a first electrode 16 formed of an adhesion layer 18, preferably 
20 of titanium of about 200 Athickness, and a layer 20, preferably of platinum of about 
2000 Athickness. Capacitor 10 also includes a layer 22 of a metal oxide, such as 
BST, then a second electrode layer 24, also preferably about 2000 A thick and 
made of platinum. 

In the integrated circuit art, the GaAs crystal 11 is often referred to as a 
25 "substrate". Herein, "substrate" may be used to refer to the GaAs layer 1 1 , but more 
generally will refer to any support for another layer. For example, the substrate 23 
for the metal oxide layer 22 is, immediately, the platinum first electrode layer 20, but 
also can be interpreted broadly to include the layers 18, 14, 12 and 1 1 as well. The 
term "metal oxide" herein means a material of the general form AB0 3 where A and 
30 B are cations and O is the anion oxygen. The term is intended to include materials 
where A and B represent multiple elements; for example, it includes materials of the 
form A'A*B0 3 , AB *B "0 3 , and A'A'B'B'O^ where A', A", B' and B* are 
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different metal elements. Preferably, A, A', A", are metals selected from the group 
of metals consisting of Ba, Bi, Sr, Pb, Ca, and La, and B, B', and B" are metals 
selected from the group consisting of Ti, Zr, Ta, Mo, W, and Nb. Preferably the 
metal oxide is a perovskite. Many of these metal oxides are ferroelectrics, though 
5 some that are classed as ferroelectrics may not exhibit ferroelectricity at room 
temperature. However, since most such ferroelectrics have relatively high dielectric 
constants, these materials are often useful in high dielectric constant capacitors, 
whether or not they are ferroelectric. Preferably, the metal oxide is barium strontium 
titanate (BST) and preferably has the formula Ba„ ySr^TiO. The BST may be doped 

10 as described in copending United States patent application Serial No. 08/273,592. 

Many other materials may be used for any of the layers discussed above, 
such as layer 18 may comprise tantalum, nickel, tantalum silicide, titanium silicide, 
nickel silicide, palladium and other materials as well as titanium and layer 20 may 
be other materials as well as platinum. The electrode 16 may also be formed of 

1 5 more than two layers and the electrode 24 may be formed of more than one layer. 
Further, it should be understood that FIG. 1 is not meant to be an actual cross- 
sectional view of any particular portion of an actual electronic device, but is merely 
an idealized representation which is employed to more clearly and fully depict the 
structure and process of the invention than would otherwise be possible. For 

20 example, the relative thicknesses of the individual layers are not shown 
proportionately, since otherwise, some layers, such as the substrate 1 1 would be 
so thick as to make the drawing unwieldy. It should also be understood that the 
capacitor 10 preferably forms a portion of an integrated circuit 30 which includes 
other electronic devices, such as transistors, other capacitors etc., which other 

25 devices are not shown for clarity. In addition, the metal oxide layer 22 may be 
incorporated into other devices, such as ferroelectric FETs, as well as capacitors. 

Turning now to FIG. 3, a flow chart of the process for fabricating capacitors 
10 according to the invention is shown. The process shall be discussed in terms of 
the embodiment of FIG. 1, but could just as well be discussed in terms of the other 

30 embodiments also. In step 41 a GaAs substrate 11 is provided. This substrate 11 
is made according to conventional methods of growing GaAs crystals. In step 42 
a layer of silicon nitride of about 1500 A thick is deposited, preferably by plasma 
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enhanced chemical vapor deposition (PECVD), although other methods may also 
be used. Then a layer 14 of silicon dioxide about 1000 A thick is deposited in step 
43, by any conventional method, such as PECVD or wet growth. In step 44 a first 
electrode 16 is deposited. Preferably first electrode 16 comprises an adhesion layer 

5 18, preferably of titanium and about 200 A thick, and a layer 20 of platinum about 
2000 A thick, both deposited preferably by sputtering. A metal oxide precursor is 
prepared in step 45; this may be just prior to the application step 47, but usually a 
stock solution is prepared and stored well prior to the application. The metal oxide 
is preferably barium strontium titanate, and the precursor is prepared as described 

10 in United States patent application Serial No. 08/132,744. The foregoing patent 
application discloses a method of making a metal oxide which utilizes the 
combination of a metal alkoxycarboxylate, such as a barium alkoxycarboxylate, and 
a metal alkoxide, such as titanium isopropoxide. Specifically, a BST precursor is 
made by reacting barium with 2-methoxyethanol and 2-ethylhexanoic acid, adding 

15 strontium, allowing the mixture to cool, adding titanium isopropoxide and 2- 
methoxyethanol, and heating to obtain a final BST concentration of about 0.5 moles. 
As disclosed in United States Patent application Serial No. 08/132,744 and co- 
owned United States patent application Serial No. 08/165,082, which were 
incorporated by reference in the corresponding United States patent application to 

20 the present application, during the heating, the maximum temperature is 116 °C 
which ensures that all isopropanol and water will be boiled out Thus, the precursor 
is essentially anhydrous. If a dopant is to be added, a dopant precursor solution is 
prepared and added to the precursor in step 45. Just prior to the application step, 
a solvent exchange step 46 is preferably performed. That is, a stock solution 

25 prepared as above is removed from storage, and the solvent that is convenient for 
manufacturing and/or which makes a precursor that stores well, such as xylene, 
is exchanged for a solvent that has a good viscosity for the application process, 
such n-butyl acetate for a spinning application process. The exchange is performed 
by adding the new solvent and distilling out the old. Preferably, for a spin-on 

30 process the concentration of the spin-on precursor solution is 0.29 - 0.31 moles, 
which is controlled at the solvent exchange step 46. In step 47 the precursor is 
applied to the substrate 23, preferably by spinning at 1500 RPM to 2000 RPM for 
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20 seconds to 60 seconds. However, other application methods may be used, for 
example, a misted deposition process as described in United States patent 
application Serial No. 07/993,380, which is hereby incorporated by reference. In 
steps 48 and 50, the precursor is treated to form the metal oxide dielectric material 

5 22 on substrate 23. The treating is preferably by drying and annealing. The drying 
is preferably in air or dry nitrogen, and preferably at a relatively high temperature 
as compared to the prior art, i.e. at from 200 °C to 500 °C. Typically it is performed 
at 400 °C for 2 minutes in air. This high temperature drying step has been found to 
be essential to obtain predictable properties in BST. After drying, if the film 22 is not 

10 of the desired thickness, the application and drying steps 47 and 48 are repeated 
until the desired thickness is reached. Usually two to three repetitions of steps 47 
and 48 are required to reach the thickness of about 2000 A When the desired 
thickness is obtained, the dried precursor is annealed in step 50 to form dielectric 
22. The annealing is referred to as the first anneal to distinguish it from a later 

15 anneal. The anneal is preferably performed in oxygen at a temperature of from 
600 °C to 850 °C for from 1 minute to 90 minutes. Typically, it is performed at 
700 °C for 60 minutes in 0 2 in a push/pull process including 10 minutes for the 
"push" into the furnace and 10 minutes for the "pulP out of the furnace. Careful 
control of this anneal temperature and time is also essential for predicable results. 

20 The resulting layer 22 is preferably about 2000 A thick. In step 51 a second 
electrode 24 is deposited, preferably by sputtering, and preferably formed of about 
2000 Athick platinum. The device is then patterned in step 52, which may comprise 
only the patterning of the second electrode if any patterning was done after 
deposition of the first electrode. It is important that the device be patterned before 

25 the second anneal step 53 so that patterning stresses are removed by the anneal 
and any oxide defects created by the patterning are corrected. The second anneal 
53 is preferably performed at the same temperature as the first anneal though 
variance within a small temperature range of 50 °C to 100 °C about the first anneal 
temperature is possible. The time for the second anneal is preferably less than for 

30 the first anneal, generally being about 30 minutes, though again a range of times 
from about 1 minute to 90 minutes is possible depending on the sample. Again, 
careful control of the anneal parameters is important to obtain predictable results. 
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In some instances it is desirable to skip the second anneal altogether. Finally, in 
step 54 the device is completed and evaluated. 

Three samples of a BST capacitor 10 were made from a stock precursor 
solution having a stoichiometric content of barium, strontium and titanium as 
5 specified in the formula Bag ^Sr^HC). The process was as described above, except 
that for the first sample the first and second anneal steps were performed at 800 °C, 
in the second sample the first and second anneal steps were performed at 700 °C, 
and in the third sample the first and second anneal steps were performed at 650 °C. 
The electrical properties of the samples were evaluated with results as shown in 

10 FIG. 3, a graph of capacitance in farads versus frequency in gigahertz. To provide 
a basis of comparison, the dotted horizontal line shows the capacitance for an ideal 
material with dielectric constant, c, of 300. The capacitance of the sample annealed 
at 800 °C drops off sharply as the frequency approaches 1 gigahertz. The 
capacitance of the sample annealed at 700 °C does not drop off until beyond 1 

1 5 gigahertz, and the capacitance of the sample annealed at 650 °C continues flat out 
to nearly 10 gigahertz. However, the value of the capacitance drops by a factor of 
about 5 between the sample annealed at 800 °C and the sample annealed at 
700 °C, and by another factor of a little over 10 between the sample annealed at 
700 °C and the sample annealed at 650 °C. As indicated by the dotted line, for the 

20 sample annealed at 700 °C, the capacitance is still significantly higher than the 
capacitance, say for silicon dioxide, which has a dielectric constant of about 3.9, 
thus using the process of the invention, it is possible to fabricate a material that has 
a high capacitance well beyond 1 gigahertz. 

There have been described novel structures and processes for fabricating 

25 integrated circuits having high-capacitance, high-frequency thin film capacitors. It 
should be understood that the particular embodiments shown in the drawings and 
described within this specification are for purposes of example and should not be 
construed to limit the invention. Further, it is evident that those skilled in the art may 
now make numerous uses and modifications of the specific embodiment described, 

30 without departing from the inventive concepts. For example, other capacitor 
structures than that shown in FIG. 1 may be used and the capacitors and process 
of making them may be combined with a wide variety of other structures and 
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processes. Equivalent materials, different material thicknesses, and other methods 
of depositing the substrate and electrode layers may be used. It is also evident that 
the process steps recited may in some instances be performed in a different order. 
Or equivalent structures and processes may be substituted for the various 
structures and processes described. 
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CLAIMS 

We claim: 

1 A method of fabricating a high capacitance thin film capacitor device, said 
method comprising the steps of: providing a gallium arsenide substrate (11); 
5 forming a barrier layer (1 2) on said substrate; forming a first electrode (16); forming 
a dielectric material (22) on said first electrode; and forming a second electrode (24) 
on said dielectric material, said method characterized in that said step of forming 
a dielectric material comprises: 

providing a liquid precursor comprising a solution including barium, 
10 strontium, and titanium metal moieties in effective amounts for yielding a solid 
dielectric barium strontium titanate upon treating of said liquid precursor; 

applying said liquid precursor to said first electrode (16); and 

treating said liquid precursor on said first electrode to form said dielectric 
material comprising barium strontium titanate (22). 
15 2. A method as in claim 1 characterized in that said step of providing a liquid 

precursor includes providing a solution comprising said barium, strontium, and 
titanium metal moieties in a first solvent, and then performing a solvent exchange 
step to provide said liquid precursor comprising a second solvent. 

3. A method as in claim 1 characterized in that said liquid precursor 
20 comprises a metal alkoxycarboxylate. 

4. A method as in claim 1 and further characterized in the step of forming a 
stress reduction layer (14) between said steps of forming a barrier layer (12) and 
forming a first electrode (16). 

5. A method as in claim 4 characterized in that said stress reduction layer 
25 (14) comprises silicon dioxide of about 1000 A thickness and said barrier layer (12) 

comprises Si 3 N 4 of about 1500 A thickness. 

6. A method as in claim 1 characterized in that said step of treating 
comprises heating said precursor on said electrode (16) to a temperature of from 
200 °C to 500 °C and said step of treating comprises annealing said precursor on 

30 said electrode at a temperature of between 600 °C and 850 °C. 

7. A method as in claim 1 characterized in that said step of treating 
comprises a first anneal of said barium strontium titanate (22) for a time between 



WO 95/25340 



PCT/US95/03254 



- 10- 

1 minute and 90 minutes and a second anneal of said barium strontium titanate for 
a time between 1 minute and 90 minutes. 

8. A method as in claim 1 characterized in that said barium strontium titanate 
(22) has the formula Ba^^ 3TIO3. 
5 9. A method as in claim 1 characterized in that said step of forming a first 

electrode (16) comprises: forming an adhesion layer (18) selected from the group 
titanium, tantalum, nickel, tantalum silicide, nickel silidde, and palladium; and 
forming a second layer (20). 

10. A high capacitance thin film capacitor device comprising: a gallium 
10 arsenide substrate (11); a barrier layer (12) formed on said substrate; a stress 
reduction layer (14) on said barrier layer; and a capacitor (10) on said stress 
reduction layer, said capacitor comprising a first electrode (16), a second electrode 
(24), and a dielectric material (22) between said electrodes, said method 
characterized in that said dielectric material comprises barium strontium titanate. 
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